Triazines comprise an important pollutant class owing to continued use in certain countries, and owing to strong environmental persistence that leads to problems even in countries like Sweden where the use of triazines has been prohibited for some years. We investigated mass-selective detection for analysis of triazines. More specifically, we studied the background reduction and sensitivity enhancement that result from the use of a new interface technique, fieldasymmetric ion mobility spectrometry (FAIMS), in conjunction with electrospray ionization ion-trap mass spectrometry. This technique allows for ion sorting and discrimination against the considerable "chemical noise", nonspecific cluster and fragment ions, which are typically generated in electrospray ionization. This paper presents results of a pilot study of triazines and some metabolites in ideal solvents. Our long-range goal is automated analysis with mass-selective detection coupled to membrane-based sample cleanup and enrichment for additional enhancement in sensitivity.
Introduction
Clean water is a key resource for insuring the quality of life of humankind. Unfortunately, water is often in scarce supply, and bodies of water tend to be repositories for pollutants. The United Nations has designated the years 2005 -2015 as the "Water for Life Decade". 1 The work reported below continues our theme of developing new strategies for the analysis of pollutants in natural waters, with particular focus on triazine herbicides and some associated metabolites.
Atrazine, introduced in 1958, 2 is used in corn and soybean cultivation as well as in total weed control along roads and railways. Atrazine is considered as a potential endocrine disruptor and carcinogen, 3 and consequently, the use of atrazine and related herbicides is banned in some but not all countries. 2 Unfortunately, the triazines have been shown to be persistent and significant pollutants in water. 4 Therefore, it is important to be able to rapidly screen various types of water for triazines and their degradation products. A recent EU directive 5 specifies that the maximum admissible concentration in drinking water is 0.1 mg/L (0.1 ppb) for a single herbicide and 0.5 mg/L (0.5 ppb) for the sum of herbicides including toxic degradation products. In order to confidently sense concentrations this low, analysis methodology with a limit of detection (LOD) better than 0.05 mg/L (50 ppt) would be desirable.
The matrices comprising typical natural water samples are complex, and analyte concentrations can be rather low, necessitating sample cleanup and concentration prior to final analysis. A sample handling scheme involving solid-phase extraction (SPE) with graphitized carbon black followed by liquid chromatography (LC) with ultraviolet (UV) and massselective detection has been presented for dealing with pesticides, including atrazine. [6] [7] [8] In these studies, SPE concentration factors were of the order of 10 4 . The intrinsic sensitivity of the mass spectrometer (MS) was about 20 ppb; including SPE the LOD was 3 to 30 ppt depending on the nature of the aqueous matrix 6 (even LOD as low as 0.2 ppt has been reported 9 ). It was suggested 6 that the best setup for the final analysis would be an LC-MS system which includes a UV detector, the UV trace best aimed for quantitation, and the MS (possibly including collision-induced dissociation or tandem MS) providing for unambiguous identification.
Another approach towards sample cleanup and enrichment is the supported liquid membrane (SLM) technology. 10 Conventional SLM exploits e.g. a pH difference between a donor and an acceptor phase to block most matrix components, while at the same time promoting the trapping and enrichment of analytes in the acceptor phase. Enrichment factors can be quite high, in excess of one thousand. 10 SLM with LC separation and optical detection has been employed for triazines with LOD in the range 1 -30 ppt. [11] [12] [13] [14] [15] [16] In immuno-SLM, antibodies situated in the acceptor, unable themselves to penetrate the membrane because of their size or because of being immobilized on magnetic beads, bind analytes, effectively trapping them there 17, 18 with resulting enrichment factors of up to 2000. 19 The result for simazine (fluorescence detection) is an LOD of 0.01 ppt, ten thousand times better than what can be obtained with an analogous procedure but without the membrane. 19 Enrichment with membranes and antibodies is highly selective Sample matrix components will surely contribute to the background noise, though the intention with using a membrane approach is to reduce the matrix contribution as much as possible. In electrospray ionization, incomplete desolvation and multi-charging 21 play an important role in the noise situation. When one analyzes complex mixtures, aggregation with multi-charging may contribute to the nondescript background. 22 In matrix-assisted laser desorptionionization, similar factors are involved. 23, 24 A device that could be coupled in to reduce this noise would be of value in MS detection. Such a possibility is afforded by field-asymmetric ion mobility spectrometry (FAIMS). FAIMS is sensitive to the dependence of an ion's mobility K on the electric field E, K(E), and exploits the fact that ions making up nondescript signals, the "noise", typically have a different K(E) dependence than do particular analyte ions. FAIMS was first presented by Buryakov et al. 25 Their device, based on flat plates, was capable of separating a series of tertiary amines, and coupling to MS detection was also demonstrated. A cylindrical variant of FAIMS was found to offer superior sensitivity as described by Carnahan and Tarassov. 26 Coupling of atmosphericpressure ionization techniques (ESI, APCI) via FAIMS to MS was explored starting in the late 1990's by Guevremont and colleagues, 27, 28 who also showed that the cylindrical FAIMS has an ion focusing effect due to electrical field gradients. 29 ESI-FAIMS-MS has been employed advantageously in proteomics applications, 30 analysis of polysaccharides, 31, 32 and drug discovery activities. 33 It should be noted that FAIMS separates ions on a timescale which is compatible with those of both liquid chromatography and tandem MS. 33, 34 This paper describes the results of a pilot study designed to assess the utility of FAIMS in the analysis of triazines and associated metabolites. Special emphasis was placed on defining the analytical character of ESI-FAIMS-MS compared with direct ESI-MS for these analytes. The work reported below is a step towards interfacing SLM and immuno-SLM systems to MS with the aid of FAIMS.
Methods
Samples were handled by an HP 1100 series pump and autosampler system. For ESI-MS experiments, a Bruker Esquire-LC quadrupole ion trap (QIT) mass spectrometer equipped with the standard electrospray ion source with nebulizer was employed. For ESI-FAIMS-MS experiments, the ion source was custom-built and incorporated the original Bruker electrospray needle and nebulizer.
A FAIMS commercial prototype was provided by Ionalytics Corp. (Ottawa, Canada; now part of Thermo Finnigan, San Jose, California). A schematic diagram of the device is shown in Fig. 1 . The FAIMS interface was attached to the MS front plate by means of a PEEK support, and the FAIMS output was thereby axially aligned to within 1 mm of the input to the MS inlet capillary.
The FAIMS principle has been described in detail before 25, 29, 35 and is very briefly summarized here with reference to Fig. 1 : Ions from an electrospray ion source are sampled electrostatically into the FAIMS analyzer region between the inner and outer electrodes. A carrier gas flow sweeps the ions along the axis of the FAIMS. During the residence time, the ions are subjected to an asymmetric high-voltage waveform (dispersion voltage, DV) that, although its integral over one waveform cycle is null, induces net lateral displacements on ions dependent on the ions' ratio of high-field and low-field ion mobility. By superimposing on DV a tunable low dc voltage (compensation voltage, CV), this net displacement can be balanced, allowing selected ions to pass into the mass spectrometer, while other species collide with the inner or outer electrode walls and are thus lost from the system. With all other parameters held constant, the CV value comprises the "separation parameter" of FAIMS.
The FAIMS electrodes were 5 cm in length. The inner electrode was 10 mm in diameter, and the outer electrode had an inner diameter of 14 mm, giving a lateral electrode spacing of 2 mm. The distance between the electrodes at the draw-out orifice was adjustable and was set to 2 mm. A 50%/50% mixture of N2/He at 4 L/min was used as FAIMS carrier gas; this choice of carrier gas composition was optimized in a set of preliminary experiments. The dispersion voltage was -4350 V. The compensation voltages at which the different compounds were measured are as specified in Table 1 .
Samples were delivered by direct infusion into the ESI needle at 10 mL/min. The ion source was operated in positive ion mode. Spray voltages were 0 V/-3500 V/-4000 V needle/front plate/capillary inlet in ESI-MS mode, and +5000 V/+1800 V/+1000 V/0 V needle/ESI front plate/FAIMS front plate/FAIMS ion inlet in the ESI-FAIMS-MS mode. Nebulizer gas was applied at 9 psi in all cases. Dry gas was provided at 4 L/min/ 300˚C in the ESI-MS mode and at 4 L/min/200˚C in the ESI-FAIMS-MS mode.
The mass analyzer settings were roughly optimized with the appropriate generic setting for the mass range of interest, 140 -250 Da. This resulted in parameters: trap drive, 28.5 V; capillary exit-skimmer 1 potential difference, 70.3 V. The QIT was operated with "normal" resolving power. The m/z scale was calibrated with tune mix (HP Part # G2421A).
Samples were prepared in 75%/25% (v/v) H2O/MeOH with 0.07% (v) HCOOH. To check the sensitivity of results to changes in the solvent system, fractions of H2O and MeOH were altered, and salt, acid or base was added (see Results below for details). All water used was filtered through a Milli-Q system (Millipore, Bedford, MA). All organic solvents were of HPLCgrade.
For the characterization of the quantitative figures of merit, calibration samples were prepared containing 0, 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50 and 100 ng/mL (ppb) of each analyte, and these were used for establishing calibration curves. Five replicates were done at each concentration. A 15 mL/h flow of a 2 mg/mL (ppm) solution of d5-atrazine was coupled in via a Tjunction to the 10 mL/min sample flow resulting in a d5-atrazine concentration of 50 ppb, as internal standard.
Origin of analytes: except for simazine, all the triazines were from Dr. Ehrenstorfer GmbH (Augsburg, Germany). Simazine was an Analytical Standard from the Institute of Organic Industrial Chemistry (Annopol 6 Warsaw, Poland). d5-Atrazine was from Riedel-de Haën (Sigma-Aldrich). These compounds and some of their properties are summarized in Table 1 and Scheme 1.
Results and Discussion
When the triazines and metabolites were subjected to ESI-MS, they were all detected at the right m/z values and with correct isotopic patterns. As a preliminary experiment for the ESI-FAIMS-MS measurements, a compensation voltage (CV) scan was performed in order to establish at which CV values the compounds were transmitted through the FAIMS. This information is presented in Table 1 and in Fig. 2 . The CV at which a certain analyte was observed was related to its mass. Ions with higher m/z values generally needed a more negative value of CV. Although a linear correlation between CV and m/z over a small mass range is not a general property of FAIMS, 36 a linear regression in our case gave a correlation coefficient of r 2 = 0.87. Under the experimental conditions employed, FAIMS on its own did not provide any basis for separation of most of these analytes (which was not required, because the analytes are distinguished by their m/z values). However, use of FAIMS did allow a substantial discrimination against interfering ions and generic "background" ions, as discussed below.
A battery of measurements was done to define the analytical characteristics of direct ESI-MS and ESI-FAIMS-MS for blank samples and samples containing standard concentrations of the analytes. Figure 3 shows a column-wise comparison of the 25 ppb standard solution versus blank sample, along with a rowwise comparison of FAIMS (CV = -14.9 V) with direct MS. The m/z range illustrated is between 210 and 220, which includes atratone (m/z 212.2) and atrazine (m/z 216.1), as well as an impurity peak, identified as N-(n-butyl)benzene sulfonamide (BBSA-NNBS, C10H15NO2S, C.A.S. 3622-84-2), m/z 214.1, a plasticizer. 37 Actual measurements of atratone were in fact better done with CV = -15.5 V, but the CV curves for these substances were actually quite broad, which means that the signals obtained at CV = -14.9 V were sufficient for demonstration purposes.
A comparison between direct MS and FAIMS-MS results in Fig. 3 reveals that FAIMS-MS gave much lower background values compared to direct MS, along with more easily discernable isotopic patterns. As can be seen in Fig. 3c , using direct MS, 25 ppb of atratone and atrazine gave visible peaks (compare to the blank in Fig. 3d ) but the isotopic patterns were not discernible due to peaks at adjacent m/z positions. In particular, the "A+2" peak of the plasticizer (due to the presence of an S in the molecule) will unfavorably overlap the "A" peak of atrazine. By contrast, looking at Fig. 3a , using FAIMS-MS, the difference between the analyte peaks and the peaks in the blank was much more clear, the isotopic patterns were discernible, and the interfering plasticizer peak was absent. We interpret the slightly lower overall signal levels with FAIMS as a consequence of different ion inlet systems using FAIMS or using direct MS. The results portrayed in Fig. 3 suggest that use of ESI-FAIMS-MS offers analytical advantages compared with direct ESI-MS.
To further investigate the suitability of ESI-FAIMS-MS in analytical studies of triazines and their metabolites, we made a full-scale attempt with standards to investigate instrumental response and LOD for all the compounds shown in Table 1 . The same experiments were performed with direct ESI-MS as well as with ESI-FAIMS-MS. For each compound in Table 1 , the main isotopic peak (the "A" peak) of the compound was used for quantification except for propazine, where the "A" peak was overlapped by the strong "A+2" peak from the S-atom in ametryn. So for propazine, the "A+2" peak was used for quantification. The limit of detection was calculated as LOD = 3 ¥ sB/a, where sB denotes the standard deviation of the blank signal, and a denotes the slope of the calibration curve. 38 The calibration curves, all addressing concentration ranges of 0.1 to 100 ppb, were linear with r 2 coefficients mostly better than 0.999. Table 1 summarizes the results of our investigations. With direct MS, LODs were in the range 1 -10 ppb. With FAIMS, the LODs improved to the range 0.1 -2 ppb. Thus there was generally an improvement in LOD when using FAIMS, although the amount of improvement actually varied substantially from compound to compound. For cyanazine, use of FAIMS hardly afforded any advantage at all, with an approximately 10% improvement in the LOD. For atrazine, by contrast, an enhancement by about 60 times was registered with FAIMS. Excluding the case of cyanazine, the enhancement factors Included also are the experimental results from the presented study, as indicated. FAIMS enhancement is the ratio of direct-MS LOD to FAIMS-MS LOD.
ranged from 2 up to 60. To highlight in another way the advantage of FAIMS, we show in Fig. 4 details of the calibration curve at low analyte concentrations for atrazine, which was associated with the strongest improvement using FAIMS. For atrazine examined with direct MS (Fig. 4b) , the y-intercept response and the standard deviation of the blank sample were quite noticeably different from zero, leading to a relatively high LOD of 9.8 ng/ mL. When using FAIMS (Fig. 4a) , the y-intercept response and signal standard deviation were much smaller, and consequently the LOD was much lower, 0.16 ng/mL. With direct MS, the impurity substance BBSA-NNBS obviously made a significant contribution to the m/z value where atrazine was measured (see also Fig. 3 ). With FAIMS, the analytical performance was much improved, since the impurity substance was filtered away and the standard deviation of the blank signal was much reduced.
At the other extreme of performance, the situation with cyanazine was less encouraging, with a FAIMS-related enhancement of LOD of only 10%. In this case, it turned out that the FAIMS response (i.e. CV spectrum) for cyanazine was very similar to that of background signals monitored at slightly lower and higher m/z values. Thus, as configured, FAIMS did not strongly discriminate against the background for cyanazine and therefore did not offer a strong performance advantage in terms of either reduced background or reduced fluctuations of the blank signal.
Measurements were additionally carried out to assess the influence on the FAIMS methodology of changes in solvent composition. Such a check is motivated by evidence that FAIMS separation can depend on the presence of solvent molecules in the electrode gap in case solvent is not fully blocked by the dry curtain gas. 39 Furthermore, measurements are needed in order to assess matrix effects in the electrospray, as the developed method is ultimately aimed to be used in conjunction with immuno-SLM extraction without a chromatographic separation step. Five-ppb solutions of the analytes atrazine and simazine were measured in the following solvent systems: i) pure water; ii) 50:50 H2O/MeOH; iii) 75:25 H2O/MeOH; and 75:25 H2O/MeOH with iv) 1% NH3; v) 1 mM NaCl; vi) 10 mM NH4Ac; vii) 1% HCOOH; and viii) 2% HCOOH. This was all in addition to the "standard" solvent system, 75:25 H2O/MeOH with HCOOH to pH 2.6. Five replicates were measured in each case. Measured concentrations were mostly within 20% of the concentrations obtained in the standard solvent system, showing that the performance of the method is fairly immune to even these quite drastic changes of solvent.
The present study has mostly evaluated the analytical properties of direct-MS and FAIMS-MS for triazines and metabolites in ideal solvent systems.
The analytical improvements we observed were in line with the observation 40 that ESI-FAIMS-MS enhances detection limits of nitrosamines in drinking water by approximately a factor of 10. Though we did not use LC or tandem MS in these experiments, it should be borne in mind that FAIMS is compatible with these techniques 33, 34 and the capabilities of the analysis could likely be developed even further. Use of FAIMS adds some complexity to the measurements, but the programming of FAIMS can easily be integrated into the automated running of the typical MS system that is intended to normally operate with LC.
For one of the triazines, cyanazine, the enhancement of analytical performance by FAIMS was arguably modest. It is believed likely that the performance for cyanazine could be improved by modifying the FAIMS conditions, which would be possible with access to more advanced equipment. More modern variants of FAIMS allow for a wider search of the FAIMS parameter space, with higher values of DV and temperature control of the FAIMS separation region among other possibilities.
The consideration of mostly ideal solutions may be seen as a disadvantage of the present study, but in fact, we were working towards interfacing with SLM, and ultimately to immuno-SLM. The dramatic cleanup afforded by the membrane and the capture and enrichment of various members of the same family of pollutants would allow direct application of the ESI-FAIMS-MS methods described above with the expectation that FAIMS would substantially enhance the LOD characterizing the MS.
Conclusions
The work reported in this paper was intended to investigate the use of field-asymmetric ion mobility spectrometry (FAIMS) in conjunction with mass spectrometric (MS) detection for the family of triazines and associated metabolites with emphasis on investigating the analytical character of FAIMS-MS detection compared with direct MS detection. For the different analytes tested, FAIMS led to variable degrees of signal-to-noise enhancement with a generally good to excellent enhancement of limit-of-detection. With FAIMS, the MS sensitivity to the analytes was improved to the sub-ppb level, so with conventional-SLM-or immuno-SLM-based concentration factors of the order of 1000 or 2000 (Refs. 10, 19) , analytes in real environmental samples should be easily detectable at the sub-ppt level using mass-selective detection. Since FAIMS offers another dimension of separation compared to either liquid chromatography or MS, it also reduces the chance of false measurements, especially at lower concentrations. In summary, it appears likely that FAIMS can be a useful worktool in mass spectrometric studies of environmental samples.
Hazards
Avoid skin contact with analytes and solvents. Avoid contact with high voltage-carrying parts of the ion source and FAIMS interface.
